To examine the structure and expression of RPGRIP1 in dog retina. METHODS. Determination of the structural analysis and expression pattern of canine RPGRIP1 (cRPGRIP1) was based on cDNA amplification. Absolute quantification of the expression level of cRPGRIP1 splice variants was determined by qRT-PCR. Regulatory structures were examined by computational analysis of comparative genomics. RESULTS. cRPGRIP1 encompasses 25 exons that harbor a 3627-bp open reading frame (ORF) encoding a 1209-amino-acid (aa)-predicted protein. In addition to the main transcript, five full-length and several partial cRPGRIP1 isoforms were identified revealing four alternative 3Ј-terminal exons-24, 19a, 19c, and 19d-three of which could potentially produce C-terminally truncated proteins that lack the RPGR-interacting domain. A complex organization of the 5Ј-UTR for the cRPGRIP1 splice products have been described, with a common promoter driving multiple isoforms, including four full-length transcripts using the 3Ј-terminal exon 24. In addition, a potential alternative internal promoter was revealed to initiate at least two cRPGRIP1 splice variants sharing the same 3Ј-terminal exon 19c. Transcription initiation sites were highly supported by conserved arrangements of cis-elements predicted in a bioinformatic analysis of orthologous RPGRIP1 promoter regions. CONCLUSIONS. The use of alternative transcription start and termination sites results in substantial heterogeneity of cRPGRIP1 transcripts, many of which are likely to have tissue-specific expression. The identified exon-intron structure of cRPGRIP1 isoforms provides a basis for evaluating the gene defects underlying inherited retinal disorders in dogs. (Invest Ophthalmol Vis Sci. 2011; 52:2989 -2998 Exons 6 to 13, 14 to 16, and 18 to 24 encode, respectively, the ␣-helical coil-coiled protein interaction motif of members of the structural maintenance of chromosomes (SMC) superfamily, two protein kinase C conserved region 2 motifs (C2), and conserved RPGR-interacting domain (RID).
T he RPGRIP1 gene encodes retinitis pigmentosa GTPase interacting protein 1, and mutations in the human gene are associated with Leber congenital amaurosis (LCA), [1] [2] [3] juvenile retinitis pigmentosa, 4 a late-onset cone-rod dystrophy, 5 and cone-rod dystrophy type 1 in dogs. 6, 7 Human RPGRIP1 consists of 25 exons, of which 24 code for a 1259-amino-acid protein. 1, 3 Exons 6 to 13, 14 to 16, and 18 to 24 encode, respectively, the ␣-helical coil-coiled protein interaction motif of members of the structural maintenance of chromosomes (SMC) superfamily, two protein kinase C conserved region 2 motifs (C2), and conserved RPGR-interacting domain (RID). 8 -10 The biological functions of RPGRIP1 are complex. In the eye, it is expressed in amacrine neurons 8, 11 and photoreceptors, 9, 12 and in numerous other tissues, albeit at greatly reduced levels. 9, 12 Moreover, the existence of multiple isoforms, with species-specific subcellular localization patterns (e.g., connecting cilium, 11, 13 photoreceptor inner 14 and outer 8, 11 segments, and basal bodies of cells with primary cilia 15 ), suggests that different isoforms perform cell-specific functions. RPGRIP1 is required not only for disc morphogenesis of the outer segments (OS), 16 but also for the formation of the OS itself, particularly in rods. 17 A general role of RPGRIP1 as a scaffold protein has been suggested, 13 and it interacts directly or indirectly with RPGR, 9, 16, 18 NPHP4, 10 and RanBP2. 8 It has been shown that RPGRIP1 can be proteolytically processed, rendering its N-terminal domain competent for nuclear localization, 19 suggesting that it may be involved in regulating gene expression.
Although a mutation in RPGRIP1 is causally associated with canine cone-rod dystrophy, 6 ,7 a potential large-animal model for gene-based therapies, 20 little is known about the canine gene structure, organization, and expression, and the molecular basis of the disease. To assess the structure/function relationship of the RPGRIP1 isoforms, we characterized the fulllength transcript of canine RPGRIP1 (cRPGRIP1) and its several alternatively spliced isoforms and evaluated the 5Ј-and 3Ј-UTRs of RPGRIP1 transcripts. Our results identified a novel complex 5Ј and 3Ј splicing pattern and further described the complete structure of six cRPGRIP1 alternatively spliced variants driven by two different promoters.
MATERIALS AND METHODS

Tissue Sources and cDNA Synthesis
The research was conducted in full compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Archived tissue samples were obtained from the Research Repository at the RDS Facility, University of Pennsylvania. Total RNA was isolated from canine tissues by using an extraction reagent (TRIzol; Invitrogen, Carlsbad, CA) and single chloroform extraction. The quality of the RNAs was evaluated by UV spectroscopy and denaturing formaldehyde-agarose gel. First-strand cDNA was synthesized in 20-L reactions by using random hexamers primers and reverse transcriptase (SmartScribe; Clontech, Mountain View, CA) according to the manufacturer's recommendations.
Amplification of Long PCR Fragments and Sequencing
Amplification of cRPGRIP1 cDNA fragments was performed with genespecific primers: 2/3EX F (or 2/5EX F) and 22EX R (for primer sequences, see Supplementary Table S1 , http://www.iovs.org/lookup/ suppl/doi:10.1167/iovs.10-6094/-/DCSupplemental). PCR was performed with a commercial system (Expand Long Template PCR System; Roche, Indianapolis, IN), and the products were visualized on 1.5% agarose gels. PCR conditions were 4 minutes of initial denaturation at 95°C followed by 10 cycles of 95°C for 20 seconds, 60°C for 30 seconds (annealing), 68°C for 2.5 minutes (extension); the next 25 cycles were 95°C for 20 seconds, 60°C for 30 seconds, and 68°C for 2.5 minutes, with a 20-second cycle elongation for each successive cycle.
Long-range PCR performed with 2/3EX F and 22EX R primers on retinal mRNA produced few PCR fragments; an approximately 3100-bp PCR fragment was isolated and purified from the agarose gel with an extraction kit (NucleoTrap; Clontech) and subjected to reamplification, resulting in a single band. Then, using this PCR product as a template, we generated and sequenced overlapping PCR products. The sequences were aligned and analyzed (Lasergene software, ver. 7.2.1 DNAStar, Madison, WI, and Vector NTI, ver. 10.3.0; Invitrogen, Carlsbad, CA).
PCR performed with 2/5EX F and 22EX R produced two clearly visible PCR fragments whereas the lower molecular weight of the two products was composed of two bands (1357/1390 bp) indistinguishable on a 1.5% agarose gel because of their similar size. Both PCR fragments were isolated and purified from the gel, processed, and sequenced, as described.
and 3-RACE
5Ј-RACE was performed with the RNA-ligase-mediated RACE (RLM-RACE) system (Ambion, Austin, TX), according to the manufacturer's recommendations and using gene-specific primers listed in Supplementary Table S1 (http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-6094/-/DCSupplemental). The 5Јend of the RPGRIP1 transcripts was obtained in two steps using the gene-specific outer (10/11EX R, 13/ 19EX R, or 13/19cEX R) and inner (1A/2EX R, 2/7EX R, 1/10EX R, 2/4EX R, 2/5EX R, EX3 R, or 12EX R) primers. Cycling conditions were 4 minutes of initial denaturation at 95°C followed by 35 cycles of 95°C for 20 seconds, 54°C for 30 seconds (annealing), and 68°C for 2.5 minutes (extension). Amplified products, usually a single band, were analyzed on a 2% agarose gel, cut from the gel, extracted (NucleoTrap Gel Extraction Kit; Clontech), and directly sequenced.
For 3Ј-RACE, we used the adapter-specific primer (5Ј-CGATAGGGCAAGCAGTGGTATCAACGCAGAGCAC(T 17 )G) for firststrand cDNA synthesis and reverse transcriptase (SmartScribe; Clontech). The 3Јend of cRPGRIP1 transcripts were amplified with adapter specific outer primer UP1, and a gene-specific primer located in coding exon 19 (19EX F), across the exon 21-exon 22 junction (21/22EX F), or in exon 12 (12EX F). Cycling conditions were 4 minutes of initial denaturation at 95°C followed by 35 cycles of 95°C for 20 seconds and 68°C for 3 minutes (annealing and extension). 3Ј-RACE PCR products were analyzed on a 1.5% agarose gel, extracted (NucleoTrap Gel Extraction Kit; Clontech) and cloned with a kit (TOPO TA; Invitrogen). The inserts were sequenced with standard M13 forward and reverse primers.
Expression Profile Analysis by RT-PCR
Analysis was performed with canine retinal cDNA (3, 7.4, and 16 weeks, and 6 months); brain (temporal [TL] , frontal [FL] , and occipital [OL] lobes), lung, testis, and heart cDNA (6 months in all cases), and was used to estimate expression level of cRPGRIP1. Gene-specific primers are shown in Table 1 . Cycling conditions were 4 minutes of initial denaturation at 95°C, followed by 35 cycles of 95°C for 20 seconds, 60°C for 30 seconds (annealing), and 68°C for 20 seconds (extension). PCR products were analyzed on a 6% polyacrylamide gel followed by ethidium bromide staining.
Absolute Quantification of RPGRIP1 Transcripts in Retina
Real-time PCR was performed in a total volume of 25 L in 96-well microwell plates on a real-time PCR system (model 7500; Applied Biosystems, Inc.
[ABI], Foster City, CA). The amplification data were analyzed with the system software (7500 ver. 2.0.1; Applied Biosystems, Inc., [ABI], Foster City, CA). Specific RT-PCR product was used for construction of an absolute standard curve for individual amplicons representing the characterized reference sequence, and isoforms 2-5a, 2-5b, 2-5c, 19c-1, and 19c-2. The number of copies of a template was calculated based on the assumption that the average molecular weight of a base pair (bp) is 650. Quantity of an amplicon (ng/L) was assessed by UV spectroscopy and inversed to the number of moles of template present in 1 L of material. Using Avogadro's number, Exon-exon boundary in a primer is shown in the boxed region. Note that the 3Ј-end nucleotide for primer 12/13EX, F (A, bold) was replaced from original sequence that contains -T-in this position.
6.022 ϫ 10 23 molecules/mole, the number of molecules of the template in 1 L was calculated. The dynamic range of the calibration curves was at the start between 10 2 and 10 7 molecules. All PCRs were performed in microwells using cDNA generated from 50 ng of DNAasetreated retinal RNA (6 month old normal dog), 12.5 L SYBR green PCR Master Mix, 0.15 M both forward and reverse primer and DEPC treated water to a 25 L volume. Analysis was performed on two plates; the first plate contained the reference, 2-5a, 2-5b, 2-5c and the second the reference, 19c-1, and 19c-2.
Promoter Sequences
An orthologous gene approach was used to identify promoter sequences for RPGRIP1. Based on structural similarity and high homology between orthologous promoter regions, the canine sequence (1000 bp upstream to 100 bp downstream of the cRPGRIP1 of exon 1A or coding exon 10) was aligned with bovine, human, and murine sequences using UCSC Genome Browser (BLAT; http://genome. ucsc.edu/ provided in the public domain by UCSC Genome Bioinformatics, University of California at Santa Cruz, Santa Cruz, CA). Also NM_181034 and AF265669 (bovine), NM_023870 (murine), NM_020366 and BX646036 (human) orthologous sequences were used for comparative analysis. Sequence distances were estimated (Lasergene software ver. 7.2.1; DNAStar), and a computational analysis of promoter sequences was performed (GEMS Launcher software; FrameWorker algorithm, which identifies common elements in DNA sequences from different species, and MatInspector, which searches for DNA-binding sites; Genomatix GmbH, Munich, Germany; http:// www.genomatix.de/) with analysis restricted to transcription factors relevant to the eye.
RESULTS
Characterization of cRPGRIP1 Gene Structure
The complete sequence of cRPGRIP1 has not been characterized fully. To date, most ESTs in the nucleotide databases are derived from cDNA fragments from testis and represent either the 3Ј end (exons 20 -24 and 3Ј-UTR) or the middle part of the gene (splice variants comprising exons [13] [14] [15] [16] [17] . Two ESTs (DT536462 and DT540981) represent retinal RPGRIP1 cDNAs obtained from a normalized canine retinal cDNA library 21 and include exons 21 to 23 and a partial exon 24 sequence. In addition, 62 nucleotides of coding sequence of cRPGRIP1 (fragments of exons 2 and 3) have been published. 6 This information was insufficient to draw any conclusion as to the structure of cRPGRIP1 for which, based on the data for orthologous genes, multiple splice isoforms are expected.
As a first step, human and bovine cDNA sequences were aligned with the canine genomic sequence to determine the most likely positions of the exon-intron boundaries. Areas of homology were used for primer design, to amplify overlapping fragments spanning the predicted translated region. This approach identified cDNA fragments representing multiple alternatively spliced gene products, especially the region between The reference transcript has 25 exons (24 coding exons). The transcription start sites (TSS1, TSS2, and TSS3) and predicted stop codons are noted. Sequences for alternative exons are shown in bold. exons 2 and 19, and the data were assembled to create a preliminary gene model used to design primers for the subsequent 3Ј-and 5Ј-RACE experiments. Based on the high degree of homology of RPGRIP1 sequences with orthologous genes, we predicted that the full-length cRPGRIP1 transcript encompasses 25 exons, of which 24 are coding ( Table 2, Fig. 1A) .
To confirm the prediction, we designed primers across the exon 2-exon 3 junction and a reverse primer in exon 22 for long-range PCR on retinal mRNA and obtained a 3105-bp product. A gene-specific primer was placed in exon 3, and the 5Ј end was obtained by RLM 5Ј-RACE, which selectively amplifies only mRNA with a 5Ј cap. By placing a gene-specific primer in exon 19, as a gene-specific primer, we obtained exons 19 to 24 and 3Ј-UTR by 3Ј-RACE. The results indicated that cRPGRIP1 has an open reading frame ORF of 3627 bp that encodes a predicted protein product of 1209 amino acids (aa) (GenBank accession number HM021768; http://www.ncbi.nlm.nih.gov/ Genbank; provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD). We refer to this as the reference sequence.
To characterize the 5Ј region, we used a forward primer in noncoding exon 1A combined with a reverse primer across the exon 10 -exon 11 junction and performed PCR to estimate a sequence variability in this region. We found that noncoding exon 1A is common to a number of 5Ј-splice gene products (Fig. 1B) , but for most of them, the complete structure is still to be elucidated. Results of the RLM 5Ј-RACE, however, showed that both the reference sequence and its splicing isoforms, share the same transcription start site (designated as TSS1; Table 2 ), and seem to be regulated by the same promoter (P1). A putative tata-like element (ϪtattaatϪ) was found at position Ϫ43 to Ϫ37 from TSS1. In addition to TSS1, a minor alternative TSS (TSS2; Table 2 ), located 27 bp upstream from TSS1, was identified in the 2-4 isoform.
The 3Ј-RACE experiment, undertaken with a gene-specific primer located in exon 19, showed that cRPGRIP1 transcripts arise from a common pre-mRNA by alternative splicing of four 3Ј-terminal exons. Sequencing of the 3Ј-RACE products revealed four different polyadenylation sites in the sequence that give rise to transcripts with four different 3Ј-UTRs after the 3Ј-terminal exon (exons 19a, 19c, 19d, or 24; Figs. 1C, 1D , Table 2 ). However, the 3Ј-UTR sequence after exon 19c can be potentially incomplete, since a stretch of oligo-A (A 15 ) is also present in the DNA sequence, suggestive of putative mispriming of polyT-primer and a likely cause of the artifactual PAS2. Polyadenylation signal motifs are in close proximity to all four poly(A) sites (PAS1-PAS4). A consensus polyadenylation signal ϪAATAAAϪ was present at position Ϫ25 to Ϫ20 from PAS1. Putative polyadenylation signals, -AATTAAϪ at position Ϫ29 to Ϫ23 from the PAS2 and at position Ϫ24 to Ϫ19 from PAS3, and ϪAACAAAϪ at position Ϫ14 to Ϫ9 from the PAS4, were also identified. Notably, transcripts terminating in alternative exon 19a, 19c, or 19d will lead to the premature truncation of RPGRIP1 and the deletion of its RID domain, likely affecting interactions with RPGR.
Structural Characterization of cRPGRIP1
Isoforms 2-5a, 2-5b, 2-5c, 19c-1, and 19c-2
Full-length cDNA was characterized for the retina-expressed, alternatively spliced cRPGRIP1 isoforms 2-5a, 2-5b, and 2-5c (GenBank accession numbers HM021769, HM021770, and HM021771, respectively) that create downstream reading frames shorter than the reference sequence (Fig. 2) . The three isoforms were identified by RT-PCR with a forward primer spanning the exon 2-exon 5 junction, and a reverse primer located in exon 22, combined with 5Ј-and 3Ј-RACE, by using the gene-specific primers 2/5EX R and 21/22EX F, respectively. Analysis of the 2-5a isoform structure indicates that it splices out exons 3, 4, 8 to 9, and 14 to 16, and encodes a predicted protein of 589 aa with an alternative start codon encoded by exon 7. The first 7 amino acids are unique for this isoform. Isoforms 2-5b (620 aa) and 2-5c (631 aa) are nearly identical; both preserve the original translation initiation codon in exon 1, but differ in the splicing site between exons 13 and 20. This affects an alternative splice site (gc) at the end of exon 13, leading to the addition of 33 nucleotides to exon 13 (exon 13L) in case of the 2-5c transcript.
Since three novel classes of alternative cRPGRIP1 transcripts were identified that involved inclusion of a 3Ј-alternative terminal exon 19a, 19c, or 19d, we focused on delineating the full structure of cRPGRIP1 isoforms missing the RID domain. To date, we have characterized two of the new cRPGRIP1 isoforms, 19c-1 and 19c-2 (GenBank accession numbers HQ315863 and HQ315864, respectively), that were found to be expressed in retinal tissue. Both isoforms are 3Ј-flanked by terminal exon 19c (Fig. 2) . The 3Ј end of the 19c-1 and 19c-2 was obtained by 3Ј-RACE (with a gene-specific primer in exon 12) and 5Ј end was obtained by RLM 5Ј-RACE. The result indicates the existence of an alternative promoter (P2) located in intron 9, and TSS3 positionally coincides with the beginning of exon 10. The 19c-1 isoform arises from skipping exons 14 to 19 (encodes predicted protein of 212 aa), and 19c-2 lacks exons 14 to 18 (187 aa); the 3ЈUTR of 19c-2 includes part of exons 19 and 19c spliced together.
Based on our findings, we propose that the choice of 3Ј terminal exon can be specified by an upstream promoter. This putative mechanism may efficiently allow the synergistic function of 5Ј and 3ЈUTRs.
Tissue Distribution of cRPGRIP1 Exon Combinations
The expression pattern of cRPGRP1 isoforms was examined by RT-PCR in mRNA isolated from retina, testis, heart, lung, and three brain regions (occipital, frontal, and temporal lobes). Nine primer pairs were design for different exon-exon combinations ( Table 1 ). The results showed that most cRPGRIP1 splice variants are predominantly expressed in retina at all ages tested (Fig. 3) . Analysis of lung cDNA revealed that all splice variants tested appeared to be expressed, although the expression level of P1 promoter-driven isoforms 2-5a, 2-5b, and 2-5c was greatly reduced relative to that observed in the retina. Both 19c-1 and 19c-2 were also expressed in lung, where the expression level of 19c-1 was comparable to that in retina. We found a specific expression pattern of the cRPGRIP1 isoforms tested in different tissues. For example, isoforms containing exons 1A, 1, and 2 are observed in all samples except for the temporal lobe. Analysis of exons 1A-2EX yields two splice variants in the retina, the lower molecular weight product arising from the skipping of exon 1. In addition to retina, splice variant skipping exon 1 was observed in heart and lung, but was not detected in testis or brain. The same expression pattern was observed for isoforms containing exon 3 and FIGURE 2. Structure of the cRPGRIP1 isoforms 2-5a, 2-5b, 2-5c, 19c-1, and 19c-2. The transcription (arrow shown at ϩ1 on all transcripts) and predicted translation (arrow with Met indicated for each transcript) initiation sites are noted. The SMC/CC and RD domains of RPGRIP1 encoded by the isoforms 2-5a, 2-5b, and 2-5c are represented. Note the partial RID for the 2-5b and 2-5c isoforms. No SMC/CC domain was present on 2-5a. exons 14 to 16. Expression of exons 19 to 21 of cRPGRIP1 was observed in all tissues analyzed. An exonic splice combination specific for 19c-1 was found in testis, lung, and temporal lobe, but at lower levels than in retina. 19c-2, on the other hand, was present in testis and heart at levels comparable with that in retina, but expression in lung and temporal lobe was considerably lower.
Absolute Quantification of RPGRIP1 Transcripts in Retina
To further evaluate the abundance of the identified RPGRIP1 transcripts (reference transcript, isoforms 2-5a, 2-5b, 2-5c, 19c-1 and 19c-2), we used quantitative real-time RT-PCR of 6-month-old retina. Primer sets used in the analysis are shown in Table 1 . First, the reference RPGRIP1 transcript was evaluated and compared by using the two amplicons 1-3EX and 14 -16EX. The standard curves for each fragment were comparable ( Supplementary Fig. S1 , http://www.iovs.org/lookup/ suppl/doi:10.1167/iovs.10-6094/-/DCSupplemental); thus, 14 -16EX was subsequently used to characterize the reference sequence. Absolute quantification of the six selected transcripts was performed by SYBR green real-time RT-PCR (Fig. 4) . The lowest level of expression was found for the 2-5c (40 Ϯ 7 molecules per sample) and 19c-1 (75 Ϯ 3) transcripts, whereas the expression of the 2-5b and 19c-2 was found to be in several times higher (290 Ϯ 23 and 265 Ϯ 17 molecules per sample, respectively). The mean concentration of 2-5a was 3183 Ϯ 114 molecules per sample, and the reference transcript concentration determined with the 14 -16EX amplicon was highest at 21500 Ϯ 1092 molecules per sample.
Contextual Analysis of cRPGRIP1 Promoter Regions
To locate the position of the bovine, human, and murine putative promoters corresponding to canine P1, a comparative genomics approach was used to analyze a region 1000 bp upstream to 100 bp downstream of the cRPGRIP1's first noncoding exon. The best promoter sequence similarity was found between Ϫ1 and Ϫ500 from the putative TSS1 position and consisted of 82.5% sequence identity between canine/bovine, 64.9% between canine/human, and 50.2% between canine/ murine.
Using matrix match analysis (Launcher software GEMS; Genomatix GmbH, Munich, Germany), we used these alignments to identify potential regulatory motifs within the promoter region of the canine, bovine, human, and murine RPGRIP1 orthologs. The approach identified potential promoter elements based on the defined orientation and distance correlated organization (framework) of a series of transcription factor (TF) binding sites. This in silico analysis revealed one common promoter framework in canine, bovine, and human promoter sequences consisting of a combination of four TF binding sites (Fig. 5) . Three sites are positionally and structurally conserved motifs for CRX, PAX6, and FoxF2, suggesting that these TFs have potential roles in RPGRIP1 regulation. PHOX2A, PHOX2, or CART1 motifs in the canine, human, and bovine sequences, respectively, were found adjacent to the PAX6 and FoxF2 motifs, suggesting a potential composite regulatory element in which PAX6 and FoxF2 motifs are separated by a 5-bp spacer from each other, and the FoxF2 motif overlaps with the PHOX2A/2 or CART1 motifs. Depending on the species, CRX is located 115 to 118 bp upstream of this cluster (Table 3) . In comparison to the other three species, only partial similarity to the regulatory cluster described above was found in the murine putative promoter region (Fig. 5) . The PAX6 and PHOX2 motifs were located positionally close to those described in other species, but putative minus-strand CRX binding site was found in position Ϫ37/Ϫ57. In addition, while the NR2E3 motif was identified in the canine (Ϫ455/Ϫ431), bovine (Ϫ479/Ϫ455), and human (Ϫ258/Ϫ234) sequences, it was not present in mouse.
Canine P2, flanking the cRPGRIP1 coding exon 10 region, was analyzed in the same way. The highest promoter sequence similarity was found between Ϫ1 and Ϫ365 from the putative TSS3 position and consisted of 82.5% sequence identity between canine/bovine, 76.7% between canine/human, and 66.9% between canine/murine. No common complex regulatory modules were recognized in the orthologous promoter regions (FrameWorker algorithm; Genomatix, GmbH). However, the CRX motif was identified in bovine (Ϫ354/Ϫ338) and human (Ϫ340/Ϫ324) putative promoter sequences by a matrix match search (MatInspector algorithm; Genomatix GmbH). In the canine sequence, a CRX-like binding site, recognized as the RX motif, was found in position Ϫ357/Ϫ341 from TSS3. A putative minus-strand CRX-binding site was found in position Ϫ252/Ϫ268 in the murine sequence (Table 3) . 
DISCUSSION
Alternative splicing is an intrinsic regulatory mechanism of all metazoans that enables a single gene to code for multiple proteins. In this article, we provide new information on the structure, organization, and expression of the cRPGRIP1 reference sequence and five alternatively spliced variants: 2-5a, 2-5b, 2-5c, 19c-1, and 19c-2.
The cRPGRIP1 reference transcript consists of 25 (24 coding) exons, and predicts a 136.07-kDa protein. The sequence exhibits high sequence homology with human (80.1% nt, 72.4% aa), bovine (81.5% nt, 73.1% aa), and murine (71.8% nt, 63.2% aa) orthologous reference sequences. Such high homology suggests a strong conservation of protein-domain organization, as has been shown for RPGRIP1. 8 -10 The N-terminal sequence of cRPGRIP1 indicates the existence of a nuclear localization signal (NLS) motif for nuclear import of the nuclear domain (ND) of RPGRIP1. 19 This sequence, K50RAR, is also conserved in the human (K72RLR) and bovine (K50RMR) proteins. A putative nuclear-localization sequence (NLS) R(71)RRR was found in the murine protein. A bipartite NLS was described in the RID of RPGRIP1, 10 but analysis of the 3Ј-part of the cRPGRIP1 sequence in the NLS database did not show potential motifs for nuclear transport in this region. Direct analysis of the canine RPGRIP1 sequence with the protein BLAST tool identified two structurally different regions that were described for orthologous sequences: the SMC/CC domain encoded by exons 6 to 13 and the C2-domain encoded by exon 16 (Fig. 1A) (BLAST is provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD; www.ncbi.nlm.nih.gov/blast/).
In the present study, we describe the full structure of three alternatively spliced cRPGRIP1 5Ј products that share, together with the reference sequence, the same 3Ј-terminal exon 24, and are driven by a common promoter. In comparison with the reference, the 2-5a isoform encodes a predicted protein (65.7-kDa) with a truncated amino terminus (the first codon is 5. Schematic representation of transcription factors binding sites determined by an algorithm that identified a common framework of elements (Frameworker; Genomatix) in the P1 promoter sequences of RPGRIP1 orthologs (cf., Canis familiaris; Bt, Bos taurus; Hs, Homo sapiens; Mm, Mus musculus). The TSSs (arrow) are shown at ϩ1 on all sequences. Note that there is one common promoter framework consisting of a combination of four TF binding sites in the canine, bovine, and human sequences. Three sites are positionally and structurally conserved motifs for CRX, PAX6, and FoxF2. PHOX2A, PHOX2, or CART1 motifs in the canine, human, and bovine sequences, respectively, were found adjacent to the PAX6 and FoxF2 motifs. In comparison to the other three species, the putative murine promoter region shows only partial similarity to the regulatory cluster. positioned in exon 7 and exons 8, 9, and 14 to 16 are skipped), which would indicate that the SMC/CC domain (encoded by exons 6 to 13 8 -10 is not functional, and the C2 domain is absent. The absence of SMC/CC is a common feature of a range of short RPGRIP1 isoforms, and some isoforms have been found in other species without C2 domains. 9, 18, 22 The intact RID suggests that this isoform is involved in RPGR interactions. On the other hand, the 2-5b and 2-5c isoforms encode predicted proteins (67.7-and 70.8-kDa) that have the N-terminal SMC/CC domain, truncated RID, and no C2 domains. Both 2-5b and 2-5c have not previously been described in orthologous genes; thus, their physiologic function remains undetermined.
In addition, we described the full structure of two alternatively spliced cRPGRIP1 products that have very short 5ЈUTR (1 nucleotide) and share the same 3Ј-terminal exon 19c and alternative TSS3, which coincides with the beginning of coding exon 10. The 19c-1 and 19c-2 isoforms encode predicted proteins of 23.76-and 20.87-kDa that lack RID. Analysis of protein sequences has not revealed any conservative protein domains and no analogues for those isoforms have been described in orthologous genes. It is interesting that in some short RPGRIP1 mRNAs expressed from orthologous genes, for example human AK301780 and BC039089, the first codon is also positioned in exon 10. They have variably sized 5ЈUTR, 80 and 65 nucleotides (although 5ЈUTR can be incomplete), respectively, and are flanked by 3Ј-terminal exon 24. Together, these data suggest a complex control of transcription initiation of RPGRIP1 isoforms as a subject worthy of further investigation. If, as shown herein, some cRPGRIP1 isoforms are driven by an internal alternative promoter, this may be important for understanding the disparity in genotype-phenotype correlation observed in canine cone-rod dystrophy caused by a 44-nucleotide insertion in exon 2 resulting in a premature stop. 6, 7 Those isoforms, with internal TSS, would potentially be expressed independent of the Ins44 genotype.
cRPGRIP1 pre-mRNA produces multiple alternatively spliced mRNA transcripts, but it is not known whether all these isoforms express protein products in the retina. For example, published Western blot data with antibodies against RID of RPGRIP1 detected only two highly abundant translated products in the dog retina (ϳ45-and 33-kDa), and a higher molecular mass protein ϳ160-kDa was observed only on longer exposure. 8 This higher molecular mass protein most likely corresponds to the cRPGRIP1 reference full-length product with a predicted size of 136.07-kDa, since not only size but charge as well contribute to migration of proteins in SDS-PAGE.
In this study, we provide new data for the structure and organization of the 5Ј-and 3Ј-ends of cRPGRIP1. To date, sequence analysis of the 5Ј-UTR of RPGRIP1 transcripts has not been fully documented. It is known that the 5Ј-UTR of eukaryotic mRNAs plays a crucial role in the posttranscriptional regulation of gene expression through the modulation of translation efficiency, message stability, and subcellular localization. [23] [24] [25] Our results indicate a complex organization of the 5Ј-UTR for the RPGRIP1 gene. Using Cap-selective 5Ј-RACE, bioinformatics and RT-PCR analyses, we identified a novel 5Ј-splicing pattern for the cRPGRIP1 which demonstrated a more complex structure than previously reported. In contrast to the 5Ј regulatory region, the 3Ј-UTRs of cRPGRIP1 show low sequence homology with sequences of orthologous genes. We found that the 3Ј-UTR contains four polyadenylation sites, which define the border for short 3Ј-UTRs flanking the 3Ј terminal exons 19a (57 bp), 19c (34 bp), 19d (157 bp), and 24 (78 bp). Last, we cannot exclude the existence of additional alternative PASs that contribute to thus far uncharacterized transcripts. Typically, 3Ј-UTR lengths vary between 21 and 8555 bp in humans and between 37 and 3324 bp in other mammals. 26 In general, polyadenylation events favor short 3Ј-UTRs, possibly to allow their expression without binding to regulatory factors quickly expressed within the cell. In comparison, longer UTRs may contain the regulatory motifs necessary to specify complex temporal and spatial translational programs in complex cells. 26, 27 To evaluate the expression of cRPGRIP1 splice variants containing specific exon-exon combination, we used RT-PCR. Expression of cRPGRIP1 appears to be regulated in a highly tissue-specific manner. Exons 19, 20 , and 21, part of sequence encoding RID, were found expressed in all tissues, but exon combination 13 to 19c was not detected in heart or occipital and frontal lobes of the brain. Although expression of exonexon combinations specific for the 2-5a, 2-5b, and 2-5c isoforms were also observed at low levels in the lung, their relatively high expression in the retina of all ages tested indicates an important role for these in photoreceptor function. Of note, exon 1A of cRPGRIP1 is also expressed in testis, heart, lung, and brain, suggesting that the tissue-specific promoter is either located positionally upstream of the retinal RPGRIP1 promoter P1 or is governed by local transcription factors.
Notably, we observed a significant difference in expression level between the reference and the five spliced variants of cRPGRIP1 within the retina, an indication that regulation of isoform expression is at the transcriptional level, or depends on isoform stability. These results suggest that transcription of alternatively spliced isoforms of RPGRIP1 may be regulated by exonic and/or intronic regulatory elements (for review, see Ref. 28) . It is interesting that the only difference between isoforms 2-5b and 2-5c is a longer exon 13 (exon 13L with 33 additional nucleotides), yet the difference results in an approximately sevenfold lower expression level for 2-5c.
RPGRIP1-knockout mice 16, 17 and dogs with naturally occurring disease 6 illustrate the importance of RPGRIP1 for retina function and development. Although such data suggest that early expression of RPGRIP1 is essential during retinal development, the underlying mechanism of transcriptional regulation of RPGRIP1 remains unknown. By contextual analysis of the RPGRIP1 promoter region P1, we demonstrated that this region has a structurally conserved regulatory module between orthologous canine, human, and bovine gene sequences. Arrangement of the four motifs, three of which-PAX6, FoxF2, and Phox2A (or CART1)-form a potential composite element that could be regulated by the assemblage of several alternative complexes of transcription factors on the RPGRIP1 promoter under various conditions. Although the role of FoxF2 and Phox2A in retinal development is unclear, they are important developmental regulators in other tissues. 29 -31 PAX6 expression by progenitor cells is essential to begin developmental processes in the eye and retina, 32, 33 and is expressed in all proliferating retinal neuroblasts until they exit the cell cycle. At that point, photoreceptors stop expressing PAX6 and begin expressing CRX. 32, 34 Sequence analysis of the putative promoter region P2 has shown its more simple organization in comparison to P1. CRX was suggested as the main transcription factor controlling expression of the RPGRIP1 isoforms that are driven by an internal promoter P2. How these transcription factors regulate RPGRIP1 expression in development and disease is still unknown and will be the subject of future investigations.
In conclusion, the results reported herein provide new insights into the structure and organization of the canine RPGRIP1 gene. It sets the stage for future studies to examine how cRPGRIP1 transcript heterogeneity relates to its expression at the protein level and to evaluate how altered gene expression contributes to disease.
